Objective: We assessed whether clinical and imaging features of subjects with apraxia of speech (AOS) more severe than aphasia (dominant AOS) are more similar to agrammatic primary progressive aphasia (agPPA) or to primary progressive AOS (PPAOS).
The term apraxia of speech (AOS) is used to denote a motor speech disorder in which abnormalities reflect deficits in the programming of movements for speech production. 1, 2 Although usually caused by left hemisphere stroke, AOS can also be associated with neurodegenerative disease, and when it is the only sign or symptom, it is labeled primary progressive AOS (PPAOS). 3, 4 Unlike PPAOS, the term primary progressive aphasia (PPA) is reserved for a neurodegenerative disorder in which the most salient feature is language dysfunction. [5] [6] [7] Agrammatic PPA (agPPA) is one subtype of PPA, characterized by specific abnormalities that affect grammar and syntax in verbal or written expression. 8, 9 Although it is recognized that many subjects with agPPA may have AOS, the most salient feature of agPPA is aphasia. In fact, to be diagnosed with any variant of PPA, 8 language difficulty must be the most prominent clinical feature at symptom onset and for the initial phases of the disease; deficits cannot be due to "disruption of the formation of words." 7 Over the past 2½ years, we have encountered subjects with AOS and agrammatic aphasia in whom AOS is the dominant feature. Such cases are difficult to classify. Some would classify them as agPPA, whereas others would disagree because the AOS, rather than language impairment, is the dominant feature. In addition, we have noticed different specific patterns of AOS characteristics in many of these subjects. To help clarify this diagnostic uncertainty, we assessed whether these difficult-to-classify cases are more similar to those with PPAOS or to those with agPPA. METHODS Recruitment. Between July 1, 2010, and June 30, 2012, we recruited all patients presenting to the Mayo Clinic Department of Neurology with any combination of AOS and agrammatic aphasia secondary to a degenerative process (n 5 37). Subjects with concurrent illnesses that could account for language deficits, or meeting criteria for another neurodegenerative syndrome, for example, progressive supranuclear palsy syndrome (PSPS) 10 or corticobasal syndrome, 11 were excluded. Subjects underwent detailed speech and language examination, neurologic evaluation, neuropsychological testing, and neuroimaging over a span of 2 to 3 days, as previously described. 4 Standard protocol approvals and patient consents. This study was approved by the Mayo Clinic Institutional Review Board. All subjects provided written informed consent. Authorization was obtained from both subjects shown in the videos.
Language, speech, and oral praxis assessments. The language assessment, previously described in detail, 4 included the Western Aphasia Battery (WAB)-revised, 12 15 and Letter (FAS) Fluency 16 tasks. Several parameters of reading and writing were also assessed from the WAB, Part 2, and although not reported here, these were used in establishing classification.
An AOS Rating Scale (ASRS) 4 was used to assess severity of AOS characteristics. The ASRS is not yet completely standardized, but its validity is supported by a strong correlation (r 5 0.89) with independent consensus judgments about the presence and general severity of AOS for all 37 subjects. A designation of AOS type 1 was made if distorted sound substitutions or additions (often increasing in prominence with increased utterance length or syllable or word complexity) was judged to clearly dominate the speech pattern (see video 1 on the Neurology ® Web site at www.neurology.org). A designation of AOS type 2 was made if syllable segmentation within multisyllabic words or across words in phrases and lengthened intersegment durations between syllables, words, or phrases were judged to clearly dominate the speech pattern (see video 2). If there was no clear predominance of type 1 or type 2 features, a designation of AOS-NOS (not otherwise specified) was made. There was 95% agreement on AOS subtype (35/ 37), with consensus achieved by both speech-language pathologists (J.R.D., E.A.S.) after further discussion on the remaining 2 subjects (both classified as AOS-NOS). The same speech tasks were also used to judge presence/absence of dysarthria (and dysarthria type), rated on a 0-4 severity scale. Nonverbal oral apraxia was measured using an 8-item scale (e.g., blow, click tongue, cough) 4 and a qualitative judgment about its presence/absence.
Clinical diagnostic classification.
To be included in this study, subjects must have had progressive AOS, agrammatic aphasia, or both. Quantitative scores and video recordings of language tests, independent of neurologic, neuropsychological, and neuroimaging results, were reviewed by both speech-language pathologists who made independent judgments about the presence or absence of agrammatic aphasia and AOS. The presence of agrammatism was based on function word omissions or grammatic or syntactic errors during the WAB Picture Description task, general conversation, or the narrative Writing Output subtest of the WAB, Part 2. Examples of spoken or written utterances that led to the agrammatic diagnosis include: "This home is have cars," "We have fish pond too," and "Their son was try hard." The writing measure was relied on particularly when speech intelligibility was compromised by AOS. Subjects with aphasia not characterized by agrammatic spoken or written language expression (e.g., semantic or logopenic variant of PPA) were excluded (n 5 45).
Subjects were classified as PPAOS according to published criteria. 4 The remaining subjects with AOS and agrammatic aphasia were subdivided into 2 groups: agPPA and dominant AOS. The WAB Aphasia Quotient, Token Test, and ASRS scores were used to quantitatively determine whether AOS severity was greater than aphasia severity (dominant AOS) or agrammatic aphasia severity was greater than AOS severity (agPPA). Token Test scores were transformed to a 100-point scale to match the WAB Aphasia Quotient scale and both were averaged to create a composite aphasia severity score. Composite aphasia and ASRS scores were z-transformed based on scores from all study subjects. Subjects with ASRS z score . composite aphasia z score were categorized as dominant AOS. Subjects with composite aphasia z score . ASRS z score were categorized as agPPA. No subject had equal ASRS and composite aphasia z scores. Both speechlanguage pathologists were also asked to come to consensus, using clinical judgment, regarding whether AOS severity was more or less than aphasia severity. Importantly, the quantitative and consensus classifications were identical, except for 2 subjects with agPPA who were judged clinically to have equivalent AOS and aphasia severity.
Neuroimaging methods. All subjects had identical neuroimaging sequences, including volumetric head MRI, diffusion tensor imaging (DTI), F18-fluorodeoxyglucose (FDG)-PET, and C11-labeled Pittsburgh compound B (PiB)-PET. Details of the acquisition parameters are provided in appendix e-1.
Voxel-level comparisons of gray and white matter volumes and FDG-PET metabolism were performed with SPM5 software. Preprocessing steps have been previously described. 4 Statistical comparisons between each disease group and 30 age-matched controls were assessed using false discovery rate correction (p , 0.005) and uncorrected for multiple comparisons (p , 0.001). Direct comparisons were performed between disease groups uncorrected for multiple comparisons (p , 0.001). Voxel-wise statistical analysis of DTI data was performed using Tract-Based Spatial Statistics 17 (http://www.fmrib.ox.ac.uk/fsl), as previously described. 4 Fractional anisotropy (FA) and mean diffusivity (MD) were assessed after correction for multiple comparisons (p , 0.05).
Measurements of midbrain area were performed on volumetric MRI because midbrain atrophy is a feature of PSPS, 18-20 a tauopathy associated with AOS. 21, 22 Measurements were performed manually by one rater (J.L.W.) using Analyze software (Biomedical Imaging Resource; Mayo Clinic, Rochester, MN), based on previously published criteria. 4, 18 PiB-PET scans were classified as positive or negative according to previously published criteria. 4 Global PiB ratios were calculated. 23 Statistical methods. Group differences for categorical variables were assessed with the x 2 test and Fisher exact test for small numbers. Differences in continuous variables were assessed using the Kruskal-Wallis test. Significance was set at p , 0.05. Mann-Whitney U post hoc testing was performed if Kruskal-Wallis testing was significant. Statistical analyses were performed using JMP software (version 8.0.0; SAS Institute Inc., Cary, NC). Results are reported as median (interquartile range).
RESULTS
Clinical results. Of the 37 subjects who met inclusion criteria, 18 were diagnosed with PPAOS, 9 with agPPA, and 10 with dominant AOS. The difference subtracting the aphasia composite z score from the ASRS z score was 21.0 (20.5, 21.5) for dominant AOS and 1.2 (0.5, 1.5) for agPPA.
There were no significant demographic differences among groups, with the exception of sex (table 1) . No subject had a family history of neurodegenerative disease. Neurologic and neuropsychological test scores did not show striking differences between dominant AOS and the other 2 groups in any one direction (table 1) . In fact, in the majority of tests there were no differences across groups.
As expected, dominant AOS subjects showed poorer performance on measures of language compared with PPAOS subjects, including WAB fluency ratings, which reflect a crude index of agrammatic severity (table 2) . Dominant AOS subjects performed better on the auditory verbal comprehension subtest of the WAB and on the Token Test than agPPA subjects. Dominant AOS had the poorest motor speech ratings, including higher scores on the ASRS, than both PPAOS and agPPA (table 2). A difference was observed in AOS subtypes, with dominant AOS showing a higher proportion of type 2 compared with agPPA (p 5 0.046). In fact, no subject with agPPA had AOS type 2. No differences in AOS subtype were observed between dominant AOS and PPAOS (p 5 0.20). The severity distribution of nonverbal oral apraxia differed across all groups, with greatest impairment in dominant AOS and least impairment in PPAOS.
Neuroimaging results. MRI and FDG results. Imaging abnormalities in PPAOS were similar to those that we previously reported for a smaller subset of PPAOS subjects, 4 with focal changes observed predominantly in superior lateral premotor cortex and bilateral supplementary motor area (figures 1 and e-1). Similar patterns were observed in dominant AOS, with changes relatively restricted to premotor cortex, although with greater extension into inferior and middle frontal lobes (figure 1). In contrast to PPAOS and dominant AOS, agPPA showed widespread abnormalities involving premotor cortex, as well as prefrontal, temporal, and parietal lobes (figure 1). Cortical abnormalities were greater in the left hemisphere in dominant AOS and agPPA.
On direct comparison, dominant AOS showed greater abnormalities than PPAOS in a relatively restricted area in left inferior and middle frontal lobe, insula, and body of the corpus callosum (figure e-2). On the contrary, agPPA showed a more widespread pattern of greater abnormalities than dominant AOS, involving left inferior temporal lobe, prefrontal cortex, and parietal lobe (figure e-2). The agPPA subjects also showed greater abnormalities in left temporal and frontal lobes and corpus callosum compared with PPAOS subjects (figure e-2).
Midbrain areas were smaller in PPAOS (119.7, 107.3-161.9 mm 2 ; p 5 0.008) and dominant AOS (133.1, 122.5-146.7 mm 2 ; p 5 0.004), but not in agPPA subjects (149.56, 129.4-161.4 mm 2 ; p 5 0.52), compared with controls (158.3, 143.6-174.3 mm 2 ). After adjusting for total gray matter volume, midbrain area was smaller in dominant AOS compared with agPPA (p 5 0.04), with no difference observed between dominant AOS and PPAOS.
DTI results. All 3 groups showed reduced FA in the body of the corpus callosum and premotor aspects of superior longitudinal fasciculus, involving tracts in inferior, middle, and superior frontal gyri, compared with controls ( figure 2) . However, agPPA also showed reduced FA in the splenium of the corpus callosum, as well as prefrontal, inferior parietal, and superior-posterior temporal aspects of superior longitudinal fasciculus. Increased MD was observed in the same regions in PPAOS and dominant AOS. No differences in FA or MD were observed on direct comparison across groups.
PiB results. Two PPAOS subjects (11%), 2 dominant AOS subjects (20%), and no agPPA subjects had positive PiB-PET scans. There were no differences in PiB ratios among the PPAOS (1.23, 1.21-1.29), dominant AOS (1.26, 1.21-1.42), and agPPA (1.22, 1.15-1.31) subjects.
DISCUSSION In this study, we identified clinical, neuroanatomical, and functional imaging evidence suggesting that dominant AOS is more similar to PPAOS than to agPPA. Specifically, AOS characteristics (AOS subtypes) and neuroimaging features were more similar between PPAOS and dominant AOS.
One of the most compelling findings of this study was the difference in AOS subtypes among groups. The dominant AOS and PPAOS groups were both associated with AOS type 2. In contrast, agPPA was associated with AOS type 1. Our findings suggest that the 2 primary deficits in the broad characterizations of AOS-articulation and prosody-can be relatively, although not completely, dissociated in some cases. The severity of AOS cannot explain this distinction because there were no differences in clinical severity ratings between agPPA and PPAOS.
Discussions of stroke-induced AOS have included speculation about the existence of AOS subtypes, 24 but consensus about distinguishing clinical characteristics of subtypes is not evident in the literature. Because motor speech planning and programming probably involve several processes that occur within a complex functional neuroanatomical network, and because it has been hypothesized that speech programming may be accomplished through more than one processing route, 24, 25 it is reasonable to hypothesize that different AOS patterns may exist. Pattern differences might be related to breakdowns in a) different stages or aspects of the programming process; b) varying degrees of reduced processing buffer capacity; c) different programming routes; or d) different neuroanatomical loci within the speech programming network. 24, 26, 27 The characteristics of AOS type 1 generally seem to be emphasized in the AOS diagnosis. In contrast, the segmented, one syllable produced at a time, and associated prosodic characteristics of AOS type 2 appear to be underemphasized or not recognized, perhaps because the characteristics are more subtle or are considered to reflect dysarthria. These differences may explain why PPAOS and dominant AOS typically are embedded within agPPA. The neuroanatomical correlate of AOS type 2 is likely the superior premotor cortex including supplementary motor cortex because this was the only region involved in PPAOS. The neuroanatomical correlate of AOS type 1 is, however, unclear, requiring further investigation. In general, our localization is not incompatible with results regarding the crude localization of AOS in the stroke literature, 28 although it is noteworthy that the superior premotor cortex localization for AOS type 2 is not generally associated with reports of stroke-induced AOS. This suggests that superior premotor cortex (including supplementary motor area) may have some special role in planning and programming speech, perhaps one not generally recognized through studies of stroke-induced AOS.
Imaging findings also support the notion that dominant AOS is more similar to PPAOS. Both groups had atrophy and hypometabolism limited to premotor cortex, with the only difference being greater involvement of premotor inferior and middle frontal lobes in dominant AOS. This inferior frontal involvement is not unexpected given the presence of agrammatic aphasia in this group and the known association between Broca area and agrammatic aphasia. 29, 30 Similarities were also noted with the DTI analysis. In contrast to PPAOS and dominant AOS, the agPPA group showed widespread abnormalities for all imaging modalities. It is difficult to compare our results with previous imaging studies of agPPA because those studies included subjects with dominant AOS, and perhaps PPAOS, within the category of agPPA. Nevertheless, previous studies of agPPA have shown involvement of inferior premotor cortex, [30] [31] [32] and often widespread atrophy patterns, 33 likely driven by the subset of subjects that appropriately meet criteria for agPPA. Previous clinicopathologic studies have shown that AOS is associated with tau pathologies, 21, 22 whereas other studies with agrammatic aphasia subjects report pathology characterized by TAR DNA binding protein of 43 kDa (TDP-43). 34 Although a limitation of our study is the absence of pathology, our imaging findings may help shed light on the underlying pathologies. First, we observed midbrain atrophy in dominant AOS and PPAOS. Midbrain atrophy is a characteristic feature of PSPS, [18] [19] [20] which is strongly associated with tau pathology, suggesting that PPAOS and dominant AOS subjects are eventually more likely to develop clinical features of PSPS and hence have tau pathology. Second, agPPA showed a widespread pattern of cortical and subcortical Subjects with agrammatic aphasia, AOS, or both should be first separated into those with PPA and those with PAOS. The diagnosis of PPA (specifically agPPA) should be made in those with either isolated agrammatic aphasia or dominant agrammatic aphasia, i.e., if AOS is present, it must be less severe than the aphasia. Similarly, the diagnosis of PAOS should be made in those with either isolated AOS or dominant AOS, i.e., if aphasia is present, it must be less severe than the AOS. agPPA and PAOS can then be further subdivided. Specifically, for agPPA, those with isolated agrammatic aphasia can be separated from those in which the aphasia is more severe than the AOS, and for PAOS, those with isolated AOS (PPAOS) can be separated from those in which the AOS is more severe than the aphasia (dominant AOS). agPPA 5 agrammatic PPA; AOS 5 apraxia of speech; PPAOS 5 primary progressive AOS.
atrophy including frontal, temporal, and parietal lobes, without midbrain atrophy, more suggestive of TDP-43. 35, 36 Temporoparietal atrophy with sparing of midbrain can also be seen with Alzheimer disease. However, Alzheimer disease is unlikely in agPPA because no subject showed positive PiB-PET. 37 The tau pathologies of corticobasal degeneration and Pick disease that can involve frontal, temporal, and parietal lobes, without midbrain atrophy, are also likely. Unlike AOS type and imaging findings, neurologic and neuropsychological findings were not particularly helpful in differentiating these groups. This is not surprising given that these entities are, by definition, characterized by speech and language impairment. There was some suggestion that subjects with agPPA had memory deficits that could be explained by the presence of temporal lobe atrophy. The absence of quantification of agrammatism severity is another limitation, although the WAB fluency ratings and Writing Output scores, reflecting a crude index of such severity, were consistent with our group designations. Nonverbal oral apraxia was present in all groups, which is not surprising because it has been linked to premotor cortex and supplementary motor cortices. 38 We recognize that some investigators do not support separating PPAOS from agPPA, either because AOS is "adequately captured under the heading progressive nonfluent aphasia" or because subjects with PPAOS will eventually develop agrammatism. 8, 39, 40 Seventeen subjects from our PPAOS cohort were seen on more than one occasion, either before or after participation in the current study. Those seen before maintained a stable diagnosis of PPAOS. Of 9 subjects re-evaluated 4 to 21 months after study participation, one subject, seen 21 months later, developed aphasia less evident than the AOS, 2 subjects, seen 9 and 17 months later, had equivocal aphasia, and the remaining 6 subjects had no aphasia. Perhaps more important than the established fact that PPAOS may remain the predominant deficit for a prolonged period of time is the inconsistency of arguments that PPAOS need not be separated from aphasia because affected patients may eventually become aphasic. That is, it is generally accepted that many patients with PPA eventually develop motor or nonlanguage cognitive deficits consistent with, for example, PSPS, corticobasal syndrome, or Alzheimer dementia, but it is rarely argued that the concept and label of PPA should be abandoned and simply subsumed under the probabilistic, most likely, eventual clinical (or pathologic) diagnosis. In our view, there is nothing inherent in PPAOS or dominant AOS that requires different reasoning at this time. Our findings should generalize to subjects presenting with AOS, agrammatic aphasia, or both.
Our findings demonstrate the importance of not combining all subjects with progressive AOS and agrammatic aphasia under a single diagnostic category of agPPA. Instead, the results support a Level 1 separation of those with a pure or dominant AOS from those with PPA ( figure 3) . A Level 2 separation can then be made as depicted in figure 3 . This classification scheme could have important prognostic value and be relevant to future genetic studies.
